Coronins are involved in the regulation of actin dynamics in a multifaceted way, participating in cell migration and vesicular trafficking. Apicomplexan parasites, which exhibit an actin-dependent gliding motility that is essential for traversal through tissues, as well as invasion of and egress from host cells, express only a single coronin, whereas higher eukaryotes possess several isoforms. We set out to characterize the 3-D structure, biochemical function, subcellular localization, and genetic ablation of Toxoplasma gondii coronin (TgCOR), to shed light on its biological role. A combination of X-ray crystallography, small-angle scattering of X-rays, and light scattering revealed the atomic structure of the conserved WD40 domain and the dimeric arrangement of the fulllength protein. TgCOR binds to F-actin and increases the rate and extent of actin polymerization. In vivo, TgCOR relocalizes transiently to the posterior pole of motile and invading parasites, independent of actin dynamics, but concomitant to microneme secretory organelle discharge. TgCOR contributes to, but is not essential for, invasion and egress. Taken together, our data point toward a role for TgCOR in stabilizing newly formed, short filaments and F-actin cross-linking, as well as functions linked to endocytosis and recycling of membranes.-Salamun, J., Kallio, J. P., Daher, W., Soldati-Favre, D., Kursula, I. Structure of Toxoplasma gondii coronin, an actin-binding protein that relocalizes to the posterior pole of invasive
turnover of parasite actin filaments facilitates directional migration, prevents unwanted movements, and regenerates a new pool of actin subunits for future rounds of assembly. The apparently increased dynamic instability of apicomplexan actin filaments is, on the one hand, due to divergent structural properties of the actins themselves, but on the other hand, to regulatory effects, as well (8) . The actinome, encompassing the set of actin-related proteins and actin-binding regulatory proteins, is ϳ10 times smaller in Apicomplexa than in higher eukaryotic species (9) . T. gondii and Plasmodium falciparum profilin (PRF), actin depolymerization factor (ADF)/cofilin, and formins 1 and 2 have been associated with parasite motility and contribute to the assembly and disassembly of actin filaments (10 -18) .
At present, little is known about coronin in Apicomplexa. Coronins bind to filamentous actin and have been implicated in microfilament regulation, actintubulin cross-regulation, microfilament-linked membrane trafficking, and the bundling and cross-linking of filamentous actin (19) . Apicomplexans possess a single gene coding for coronin. T. gondii coronin (TgCOR) is a multidomain protein with a predicted molecular mass of ϳ68 kDa (621 aa) and resembles members of the mammalian coronin type 1 family, which comprises conventional short coronins (20, 21) . These coronins contain 3 distinct domains: the WD40 domain, a conserved region, and a unique region, including a coiledcoil domain (see Fig. 1A and Supplemental Fig. S1 ). The WD40 domains are best characterized among the G proteins (22, 23) , but are also found among actin regulators, in addition to coronins, e.g., in actin-interacting protein 1 (24) . WD40 domains are generally responsible for mediating various protein-protein interactions (25) . In coronins, the WD40 domain is assumed to contain the primary actin-binding site, which includes several residues along the surface of the WD40 domain (26, 27) . One of the most important actin-binding residues is the highly conserved Arg30 in mammalian coronins (see Fig. 1A -C). Mutation of this arginine residue reduces the ability of coronin to bind F-actin (26, 28, 29) . The conserved region is responsible for stabilizing the WD40 ␤-propeller domain (30) , whereas the coiled-coil domain in the unique part is responsible for oligomerization. Type 1 mammalian coronins are expected to form trimeric structures via a specific motif, which can be found in the coiled-coil domains of all type 1 coronins and also from some type 1-like coronins from other eukaryotes (21, 31) . In addition to self-assembly, the C-terminal domain in higher eukaryotes may mediate interactions with other actin-regulatory proteins, such as Arp2/3 (32) and ADF/cofilin (33) . The coiled-coil domain of mammalian coronins also harbors a secondary, lower affinity binding site for actin (34, 35) . Interestingly, the function of coronin in concert with ADF/cofilin can be reversed, depending on the nucleotide state of actin in the filament (34) . In Babesia species and P. falciparum, coronin has been shown to bind to actin and, specifically, to filamentous actin in the latter (36, 37) . However, the actual function of the protein in these parasites has not been addressed.
In the current study, we set out to unravel the structure and function of TgCOR in vitro and in vivo. First, we characterized the quaternary structure of the full-length protein, determined the atomic structure of the actin-binding WD40 domain, and characterized the binding properties and biochemical activities of Tg-COR toward actin. In addition, we wanted to probe the in vivo function of TgCOR by studying the dynamic subcellular localization of the protein and the effect of TgCOR gene deletion on the parasites.
MATERIALS AND METHODS

Cloning, expression, and protein purification
A synthetic gene (Eurofins MWG Operon, Ebersberg, Germany) encoding the full-length TgCOR (UniProt entry Q5Y1E7), with condon optimization for insect cell expression, was used as a starting point for cloning different constructs. The WD40 domain, together with the conserved region (residues 2-392), was cloned, expressed, and purified as described elsewhere (38) . For the full-length expression construct (residues 2-621), the same protocol was exploited, using the following primers: forward, 5=-cagggacccggtGC-CGACGCTGTAGACG, and reverse, 5=-cgaggagaagcccggtta-AGCTGCCTCATCTTGAGCCT. The final recombinant protein contains an additional 3 aa (GPG), originating from the 3C cleavage site at the N terminus. In brief, His-tagged, full-length TgCOR and its WD40 domain were purified in soluble form from baculovirus-infected insect cells by using Co 2ϩ -affinity chromatography, followed by size-exclusion chromatography after cleavage of the His tag by the 3C protease. The final steps of purification were performed in buffer containing 100 mM NaCl, 100 mM ammonium sulfate, 50 mM sodium phosphate buffer (pH 6.5), and 1 mM Tris(2-carboxyethyl)phosphine. To evaluate the possible selfassembly of TgCOR, 1 mg/ml TgCOR in 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and 500 mM NaCl was incubated with 10 mM of the 0-length cross-linker 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide for 2 h at 293 K, followed by analysis by SDS-PAGE.
Crystallization, data collection, and structure determination
Crystallization and diffraction data collection were performed as described previously (38) . The crystals grew in 200 mM magnesium acetate, 20 -25% polyethylene glycol monomethyl ether 2000, and 100 mM Tris-HCl (pH 7.5) at 293 K. Diffraction data to 1.65-Å resolution were collected on the Positron-Electron Tandem Ring Accelerator (PETRA) III P14 beamline at the European Molecular Biology Laboratory/ Deutsches Elektronen-Synchrotron (EMBL/DESY; Hamburg, Germany) and integrated and scaled as described previously (38) . The initial phases were obtained with molecular replacement, using the program Phaser (39) within the Phenix package (40) , and the crystal structure of murine coronin 1A [Protein Data Bank (PDB) entry 2AQ5; ref. 30 ] was used as the search model. Molecular replacement was followed by rebuilding of the structure using phenix.autobuild (41) , and subsequent refinement was continued in alternating cycles of manual model building in Coot (42) and refinement using phenix.refine (43) . The R and R free factors of the final refined model were 0.16 and 0.20, respectively. The structure displayed optimal geometry, as validated with MolProbity (44) in Phenix (see Table 1 ). Only one residue (V368) fell outside the allowed regions in the Ramachandran plot.
An electron cryomicroscopy reconstruction of an ␣-actin filament (PDB entry 3G37; ref. 45) was used for modeling the interaction of TgCOR with F-actin (46) . Docking was performed manually first, by matching the proposed binding sites on both coronin and actin and finding the optimal orientation based on surface shape. The resulting model was subjected to energy minimization with YASARA (47) .
Light scattering and small-angle X-ray scattering (SAXS)
Full-length TgCOR (100 l) at a concentration of 1.3 mg/ml was applied to a Superdex S200 10/300 column (GE Healthcare, Uppsala, Sweden). The system was equilibrated with 100 mM NaCl, 100 mM (NH 4 ) 2 SO 4 , 50 mM sodium phosphate buffer (pH 6.5), and 5 mM ␤-mercaptoethanol (BME), and the flow rate was 0.4 ml/min. The system was attached to a mini-DAWN Treos multiangle static light-scattering (SLS) detector (Wyatt Technology, Dernback, Germany) and an Optilab rEX differential refractometer (Wyatt Technology) for absolute molecular mass determination. Molecular masses were determined based on the measured SLS and refractive index using Astra software (Wyatt Technology).
Dynamic light scattering (DLS) was measured with a Dyna Pro Nano Star (Wyatt Technology) instrument with a quartz glass cuvette. The experiment was performed with 10 l of TgCOR at a concentration of 0.8 mg/ml in the same buffer as used in the SLS experiment.
Synchrotron SAXS measurements were performed on beamline P12 (PETRA III) at EMBL/DESY. Protein concentrations in the measurements varied between 1 and 1.75 mg/ml, in a buffer containing 100 mM NaCl, 100 mM (NH 4 ) 2 SO 4 , 50 mM sodium phosphate buffer (pH 6.5), and 5 mM BME. Programs in Atsas (48) were used for data processing and analysis. Three-dimensional models were built using Dammif (49), Gasbor (50) , and Bunch (51) . For modeling with Bunch, an atomic homology model of the full-length TgCOR was first created on the Phyre 2 server (52).
Actin-binding assays
Pig skeletal muscle ␣-actin was purified as described previously (13, 53) . Purified actin was stored up to 1 wk in dialysis against depolymerizing buffer (G buffer), containing 5 mM Tris-HCl (pH 8), 0.2 mM CaCl 2 , 0.2 mM ATP, and 0.5 mM DTT, and the buffer was changed daily, to replenish the ATP and DTT. For cosedimentation assays, 5 M ATP-␣-actin was first incubated in G or F buffer (G buffer, supplemented with 4 mM MgCl 2 , 200 mM KCl, and 0.2 mM ATP) for 1 h at room temperature, after which 4 M TgCOR was added to the relevant samples, and the incubation was continued for an additional 1 h. After ultracentrifugation at 186,000 g for 60 min at 277 K, the supernatants were separated from the pellets, and the pellets were washed 3 times with 100 l F buffer, followed by resuspension in G buffer. Equal amounts of the supernatants and pellets were analyzed by SDS-PAGE with Coomassie Brilliant Blue staining.
Actin polymerization was investigated at 295 K by fluorescence spectroscopy with an Infinite M200 plate reader (Tecan, Männedorf, Switzerland), by measuring the change in fluorescence intensity (excitation, 365 nm; emission, 410 nm; and bandwidth, 9 nm, for both excitation and emission). Pig ␣-actin (4 M), containing 5% pyrene-labeled rabbit ␣-actin (Cytoskeleton Inc., Denver, CO, USA), was in the G buffer. Actin polymerization was initiated by adding 1/10 of the volume of 10ϫ F buffer in the presence of 0, 1, or 2 M TgCOR. The change in fluorescence intensity was observed for 6000 s at 15 s intervals. The measurements were performed in triplicate, and the averages of the individual measurements were compared.
To detect filament bundling or cross-linking using lowspeed centrifugation, we polymerized 10 M ␣-actin in F buffer in the absence or presence of an equimolar amount of JAS, to stabilize the filaments. After 2 h, TgCOR (in F buffer) was added in a final concentration of 5 M actin and 10, 5, 2.5 (only without JAS), 1, or 0 M TgCOR. After 30 min, the samples were centrifuged in a microcentrifuge at 21,000 g for 10 min at 277 K. Separation, washing, and analysis of the supernatants and pellets were performed in the same way as in the high-speed cosedimentation assay.
Generation of conditional TgCOR-knockdown parasites
A conditional TgCOR knockdown was generated in the ku80-ko strain by using the tetracycline-based transactivator system previously developed for T. gondii (54) . The RH ku80-ko strain is a type I background disrupted for nonhomologous end-joining (55, 56) . We opted for a promoter-exchange approach instead of the 2-step knockout strategy that requires the integration of a second inducible copy (Supplemental Fig. S2 ). We generated a vector consisting of genomic 5=-flanking TgCOR (cor); transactivator Trap identified 1 (TATi-1), under the control of the tubulin promoter; the hypoxanthine-xanthine-guanine phosphoribosyltransferase (HXGPRT) resistance cassette for selection; the tetO7-Sag1 inducible cassette [7 tetracycline-operator sequences fused to the surface antigen 1 (SAG1) minimal promoter]; a myc tag; and the genomic N-terminal CDS of TgCOR (Ntcor) (Supplemental Fig. S2A ).
Briefly, a 909-bp region of genomic DNA corresponding to the sequence upstream of the TgCOR start codon and a 717-bp region of genomic DNA corresponding to the Ntcor sequence starting from the annotated ATG start codon were cloned into NcoI/BamHI and BglII/SpeI restriction sites in the conditional vector, respectively. The vector was linearized at both sides with the SbfI restriction enzyme before transfection. The ku80-ko parasites were transfected with 40 g of the linearized vector and were maintained by serial passage in human foreskin fibroblast (HFF) monolayers. HFFs were grown in complete Dulbecco's modified Eagle medium (DMEM; Invitrogen, Paisley, UK) supplemented with 2 mM glutamine, 25 g/ml gentamicin, and 5% heat-inactivated fetal calf serum (FCS). Clones that successfully integrated the inducible vector and were positive for myc-tagged TgCOR expression were isolated by applying mycophenolic acid and xanthine selection and then subcloned in 96-well plates.
To confirm double homologous integration of the inducible vector and thus modification of the TgCOR locus, we performed a series of PCRs on the genomic DNA isolated from selected clones (Supplemental Fig. S2C ). Primers were chosen to test the integrity of both 5= and 3= integration and to check for the presence of the wild-type locus. In this way, the inducible TgCOR-knockout (cor-iko) strain was, indeed, confirmed to possess the correctly integrated inducible vector (Supplemental Fig. S2C ).
Western blot analysis of the cor-iko strain
Parasites were treated for 1, 2, 3, or 4 d, with or without anhydrotetracycline (ATc). PRF served as the loading control. The cells were lysed in SDS sample buffer (2% SDS, 10% glycerol, 12.5 mM EDTA, 50 mM Tris-HCl, 1% BME, and 0.02% bromphenol blue) and resolved on a 10% SDS-polyacrylamide gel. After transfer, the membranes were blocked with 5% nonfat dry milk in phosphate-buffered saline (PBS) for 1 h and then incubated with either the myc monoclonal antibody 9E10 or anti-PRF antibodies at a 1:1000 dilution in 5% nonfat dry milk in PBS for 1 h. The blots were washed 3 times in 0.05% Tween 20 in PBS and then incubated with horseradish peroxidase-conjugated anti-mouse or antirabbit antibodies at a 1:3000 dilution and developed with a chemiluminescence system (Amersham-GE Healthcare, Little Chalfont, UK).
Indirect immunofluorescence assays
HFFs infected with parasites or extracellular parasites were fixed for 15 min at room temperature with 4% paraformaldehyde (PFA) in PBS. The cells were neutralized for 5 min in 0.1 M glycine/PBS and permeabilized with 0.2% Triton/PBS for 20 min. The cells were then incubated with the myc monoclonal antibody 9E10 (1:1000), a mouse monoclonal anti-actin (1:1000), polyclonal anti-coronin (1:500), anti-PRF (1:3000), anti-gliding-associated protein 45 (GAP45; 1:3000), anti-rhoptry neck protein 4 (RON4; 1:2000), or anti-micronemal protein 4 (MIC4; 1:3000) primary antibodies (diluted in 2% bovine serum albumin, 0.2% Triton X-100, and PBS) for 1 h at room temperature; washed 3 times with 0.2% Triton X-100/PBS; and incubated with green anti-mouse or red anti-rabbit fluorescent secondary antibodies. The cells were washed 3 times, stained for 5 min with 4=,6-diamidino-2-phenylindole (50 g/ml in PBS), washed again, and mounted with Fluoromount G (Southern Biotech, Birmingham AL, USA; 0100-01) on glass slides with coverslips.
Relocalization of TgCOR in extracellular parasites
Approximately 10
6 freshly egressed parasites were added to a gelatin-coated coverslip covered with prewarmed DMEM (without FCS) in a 24-well plate, spun for 1 min at 1500 g, and incubated for 5 min at 310 K. The medium was then aspirated, and fresh DMEM without FCS, prewarmed to 310 K, and containing 0.06% dimethyl sulfoxide (DMSO); 3 M of the Ca 2ϩ ionophore A23187 (from Streptomyces chartreusensis, 100105; Calbiochem, Läufelfingen, Switzerland); or 8% ethanol, was added. The parasites were then incubated at 310 K for 10 min before fixation with 4% PFA in PBS, and the indirect immunofluorescence assays (IFAs) were performed as described above, with different combinations of primary antibodies.
For the time course relocalization of mycCOR, the same procedure of stimulation was used. For the 1 min induction, the parasites were fixed 1 min after the addition of ethanol or A23187. For the other conditions, the parasites were incubated for 10 min at 310 K in DMEM containing ethanol or A23187. The medium was then removed, the coverslips were gently washed once with prewarmed DMEM, and 500 l of fresh prewarmed DMEM was added. The coverslips were finally incubated at 310 K for the indicated duration before a 10 min fixation in 4% PFA, and the IFAs were performed as already described.
For testing the effects of actin polymerization-interfering drugs, freshly egressed parasites were pretreated for 30 min at 310 K with different concentrations of cytochalasin D (CytoD; 1 or 50 M), JAS (1 or 10 M), or DMSO control (50 M); washed once with DMEM; and resuspended in DMEM. Parasites from each condition (10 6 ) were added to a gelatin-coated coverslip covered with 500 l of fresh DMEM in a 24-well plate, and the same procedure as described above was performed.
To study the relocalization of TgCOR in inducible ADFand PRF-knockout strains (adf-iko and prf-iko), intracellular parasites were first treated with ATc long enough to achieve the down-regulation of the expression of the protein (adf-iko: 48 h; prf-iko: 72 h), as described previously (15, 57) , and extracellular parasites were then used as described above.
Invasion assay
Freshly released tachyzoites (5ϫ10 6 ), pretreated with ATc for 48 h, were sedimented on confluent cells at 277 K for 30 min on ice and warmed for invasion for 5 min at 311.7 K. Invasion was stopped by fixation in 4% PFA, and the parasites were further processed for IFAs. Before Triton X-100 permeabilization, the extracellular parasites were labeled with anti-SAG1 antibodies, and after permeabilization, the intracellular parasites were stained with anti-ROP1 antibodies that labeled the nascent parasitophorous vacuole (58) . The number of intracellular parasites vs. the total (intracellular and extracellular) was counted for Ͼ100 parasites/condition, and the ratio of invasion was determined. The mean results of 3 independent experiments are reported, and statistical significance was evaluated with the unpaired t test.
Intracellular growth assay
Intracellular replication of the ku80-ko, with or without ATc; cor-iko, with or without ATc; and cor-ko strains was determined as follows. The strains were cultivated in parallel for 48 h in the presence or absence of ATc. Freshly released parasites from all strains were allowed to invade the new HFFs. After 24 h, all the cultures were fixed with PFA and stained with anti-GAP45. The number of parasites per vacuole was counted for Ͼ300 vacuoles under each condition; the mean results of 3 independent experiments are reported.
Induced egress assay
The ku80-ko and cor-iko parasites were pretreated for 30 h, with or without ATc; collected promptly after egress; and inoculated onto new HFF monolayers. The ku80-ko and cor-ko parasites were cultivated in parallel for 48 h, collected promptly after egress, and inoculated onto new HFF monolayers. After 30 h of intracellular growth, most of the vacuoles contained 16 -32 parasites. The medium was changed and incubated for 5 min at 310 K with DMEM containing 0.06% DMSO or 3 M A23187, as described previously (57) . The parasites were allowed to egress for 7 min and then promptly fixed with 4% PFA. IFAs were performed with anti-GAP45 as the primary antibody. The extent of vacuole lysis and parasite spreading was scored by visual examination. The mean results of 3 independent experiments are reported; statistical significance was evaluated with the unpaired t test.
Gliding assay
Freshly egressed ku80-ko and cor-ko tachyzoites were collected, centrifuged, and resuspended in 100 l fresh DMEM and added to poly-l-lysine-coated coverslips (1 mg/ml in PBS). The coverslips were then incubated in a wet environment for 15 min at 310 K before fixing with 4% PFA. An IFA was performed with the anti-SAG1 antibody to visualize the trails.
Solubility assay
Approximately 10
8 freshly egressed cor-iko parasites were harvested, resuspended in 10 ml prewarmed DMEM (without FCS), and incubated in 0.06% DMSO and 3 M A23187 or 8% ethanol for 10 min at 310 K. At the end of the incubation, 30 l of each condition was added to a gelatin-coated coverslip, and an IFA was performed to assess the efficiency of the relocalization. The parasites were then washed once in PBS and split into 4 pellets for each condition. Each of 3 pellets was resuspended in 150 l of PBS or PBS supplemented with 1% Triton X-100 or 1 M NaCl, frozen and thawed 5 times, and spun for 45 min at 21,000 g at 277 K. The soluble fractions were collected and the pellets resuspended in 150 l PBS and then sonicated. The fourth pellet was used for Na 2 CO 3 extraction. The parasites were first treated with PBS as described, and the first soluble fraction (S1) was collected. The pellet was then resuspended in 150 l 0.1 M Na 2 CO 3 (pH 11), incubated at room temperature for 30 min, and spun for 45 min at 21,000 g at 277 K. The second soluble fraction (S2), containing the peripheral proteins, was collected, and the final pellet was resuspended in PBS. All samples were analyzed by SDS-PAGE and Western blot, using anti-myc monoclonal 9E10 (1:1000), anti-PRF (1:3000), and anti-GAP45 (1:3000) primary antibodies.
Generation of a rabbit polyclonal TgCOR antibody
For the generation of a rabbit polyclonal anti-TgCOR antibody, the full-length TgCOR was expressed and purified with the same protocol as described for the WD40 domain (38) . Immunization was performed with standard protocols at Eurogentec (Seraing, Belgium).
RESULTS
Structure of the TgCOR WD40 domain and conserved region
We determined the crystal structure of the TgCOR WD40 domain and the conserved region at 1.65 Å resolution ( Fig. 1 and Table 1 ). As expected, the WD40 domain shares the 7-bladed, ␤-propeller motif topology with the WD40 domain of murine coronin 1A (30), containing 6 predicted WD repeats (residues 25-295) and an additional seventh "hidden" repeat ( Fig. 1B, C) . The WD repeats are formed of 4-stranded, antiparallel ␤ sheets that together fold into a propeller-like structure. Each repeat starts with the last ␤ strand of the preceding sheet. A unique feature of TgCOR is the loop between the last 2 strands of blade 2 that folds almost as an additional strand to blade 1, parallel to its last strand (Fig. 1C) . In mouse coronin 1A, this loop is farther away and does not interact with blade 1. Another distinct element is a disulfide bridge (Cys283-Cys290) stabilizing the loop region between the last 2 strands of blade 7 (Fig. 1D ). This particular loop contains one of the proposed actin-binding sites in Saccharomyces cerevisiae coronin (27) . The sequence of this loop is quite conserved among coronins, but the disulfide bridge is missing from the known structure of murine coronin 1A and, based on sequence, also from those of the coronins of other family members, such as S. cerevisiae and P. falciparum. The WD40 domain is followed by a highly conserved region, including aa 349 -391 (Fig. 1A and Supplemental Fig. S1 ). The conserved region of TgCOR is packed against the bottom of the WD40 domain and contains Tyr362 and Trp377, the same stabilizing amino acids as are found in murine coronin 1A. Tyr362 is located in a mainly hydrophobic patch between the N terminus and the loop between the first two ␤ strands of blade 7 and points toward the hydrophobic core of the protein (Fig.  1E ). Tyr362 is hydrogen bonded via its side-chain hydroxyl group to the main-chain carbonyl oxygen of Glu329. Trp377 is buried in a hydrophobic pocket, forming stacking interactions with Trp178 and Phe164 at the bottom of the pocket. In addition, it interacts with its neighboring residue Phe378 (Fig. 1F) . Based on the sequence, this interaction is found in S. cerevisiae coronin but is absent in the murine coronin 1A structure. Overall, despite a fairly low sequence identity with its higher eukaryotic counterparts, TgCOR adopts a highly conserved WD40 domain and its C-terminal conserved domain.
Full-length TgCOR forms an elongated dimer mediated by the coiled-coil domains
The large C-terminal extension of TgCOR is roughly divided into a unique region and a coiled-coil domain, comprising aa 392-521 and 522-621, respectively. However, at the end of the unique region, there are two additional short sections that are also predicted to be coiled coils. According to Marcoil (59) with a 99% threshold, 3 coiled-coil regions are predicted, between aa 429 and 443, 475 and 492, and 522 and 580. The additional coiled-coil sequences are not found, for example, in murine coronin 1A, S. cerevisiae, or P. falciparum coronin sequences.
Full-length TgCOR eluted from a Superdex S200 10/300 column (GE Healthcare) with an elution volume that roughly corresponded to a molecular mass of a trimer (ϳ205 kDa) in a globular protein ( Fig. 2A) . However, using SLS and SAXS, we confirmed that full-length TgCOR has a molecular mass of ϳ130 kDa, which corresponds to a coronin dimer (ϳ137 kDa; Fig.  2A , B and Table 2 ). Also, chemical cross-linking using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide confirmed the presence of an ϳ140 kDa species ( Fig. 2A) . DLS and SAXS gave a hydrodynamic radius (R h ) and a gyration radius (R g ) of 6.3 and 8.1 nm, respectively, for the full-length protein ( Table 2 ). The WD40 domain is exclusively monomeric (38) and has a globular shape in solution (data not shown). SAXS revealed a highly elongated shape for the full-length protein (Fig. 2B-D) . In models calculated using Gasbor and Dammif, the bulky WD40 domains fit to the periphery, and the C-terminal domains formed a dimerization region in the middle (Fig. 2B, D) . The models generated with the two programs are comparable in both size and shape, and the elongated shape explains the early elution volume in size-exclusion chromatography, which can easily be misinterpreted as indicating a higher molecular mass and, thus, a different oligomeric state.
Based on secondary structure analyses, the C-terminal unique domain of TgCOR is composed mainly of helical structure, which fits with the elongated shape of the dimerization region between the WD40 domains.
We constructed a homology model of the coiled-coil domain on the Phyre 2 server and used that together with the crystal structure of the WD40 domain for modeling the full-length protein using Bunch. The most homologous structures in the PDB, which were used for modeling on the Phyre 2 server, were tropomyosin and myosin fragments. The homology model suggests that the coiled-coil domain contains a 3-helix bundle and an additional C-terminal-most helix that could be involved in dimerization. Although the homology model contains a very elongated and straight arrangement of the helices, the model from Bunch has a kink between the 3-helix, coiled-coil bundle and the last helix involved in dimerization in the model (Fig. 2B, D-F) . 
Implications for actin binding
Putative actin-binding residues have been suggested based on systematic mutagenesis of yeast coronin 1 (Crn1), and 5 mutants (crn1-2, crn1-6, crn1-13, crn1-17, and crn1-19; Supplemental Figs. S1 and S3) have been identified that display a drastic decrease in actin binding (27) . When comparing these sites on the surface of the WD40 domain and the conserved region, we saw only minor differences in yeast, murine, and T. gondii coronins (Supplemental Figs. S1 and S3). In TgCOR, the most notable differences in the sequence are the changes of lysine to leucine in the site crn1-2 and glutamic acid to valine in sites crn1-17 and crn1-19, both of which concern the exchange of a charged residue into a hydrophobic one. Within the other sites that had only minor effects on actin binding, the most drastic difference was detected within site crn1-10, where 2 glutamic acid residues are replaced by alanine residues in TgCOR.
The proposed actin-binding site extends as a beltlike, narrow stretch along the surface of the WD40 domain (27) . Despite the high degree of conservation of the putative actin-binding residues between murine coronin 1 and TgCOR, the surface properties of the proteins are rather different (Supplemental Fig. S3 ). In TgCOR, positive charges are more dominant in the vicinity of sites crn1-2, -6, -13, and -17. Site crn1-2 is located at the N terminus on the bottom face of the WD40 domain, and sites crn1-6, -13, and -17 are located on the top face of the domain in the loops connected to blades 2, 3, 6, and 7. The actin-binding site crn1-19 is located in the region between blade 7 and the conserved region packed against the bottom face, but notable differences in the electrostatic surface in this region were not seen. On the top face of the loops connected to blade 5, murine coronin 1A has a clear, negatively charged patch that is not found in TgCOR. In addition to these putative actin-binding sites, Tg-COR has an arginine residue at position 26, which corresponds to the conserved Arg30. This surfaceexposed arginine has been suggested to be one of the key residues for actin binding (26, 28, 29) and is located on the top face of the WD40 domain, close to the suggested actin-binding sites crn1-6, -17, and -13.
In summary, the proposed actin-binding sites in TgCOR are relatively conserved, and the small differences from higher eukaryotic coronins may reflect the divergence of actins between these species. The fulllength dimer of TgCOR has the potential to bind simultaneously to two F-actin molecules and, hence, to act as a cross-linker. In the SAXS model, the two WD40 domains are located ϳ23 nm apart from each other, and the long linker region most likely possesses some degree of freedom of rotation.
TgCOR binds to actin in vitro and increases polymerization
To assess whether TgCOR actually binds to actin and affects filament dynamics, we performed cosedimentation assays using 5 M ␣-actin and 4 M TgCOR in both polymerizing high-and low-salt conditions, where actin alone stays monomeric (Fig. 3A) . In the absence of sufficient amounts of T. gondii actin, pig skeletal muscle ␣-actin was used. Vertebrate ␣-actins are 99-100% identical with each other and ϳ80% identical with T. gondii actin. In conditions supporting spontaneous polymerization, we did not detect TgCOR binding to the filaments, although a slightly larger fraction of actin may have been present in the pellet. In contrast, TgCOR clearly facilitated actin polymerization in low-salt conditions. Small amounts of TgCOR also cosedimented with actin, and there was a significant shift of actin into the pellet fraction, not observed under the same conditions in the absence of TgCOR.
We next investigated whether TgCOR has an effect on actin polymerization kinetics and performed a polymerization assay using the fluorescence signal on incorporation of pyrene-labeled actin into filaments. A clear increase in both the initial rate of actin polymerization and the steady-state levels was observed in the presence of TgCOR (Fig. 3B-D) . The increase in actin polymerization, and especially the higher steady-state levels, could imply a severing activity that leads to an increased amount of nuclei for filament formation. Alternatively, TgCOR could display either cross-linking 
c Correlation coefficient between two random half data sets (81).
or bundling activity. To determine whether TgCOR promotes larger filament networks, we performed a low-speed sedimentation assay. As expected, at 21,000 g, either JAS-stabilized or nonstabilized actin filaments alone did not sediment. Low concentrations of TgCOR did not cause any shift in actin from supernatant to pellet, but with 10 and 5 M TgCOR, traces of actin were pelleted (Fig. 3E) . In the absence of JAS, where . B) Distance distribution function for TgCOR derived from the SAXS data. C) Fit of the calculated SAXS curves from the Dammif (green), Gasbor (blue), and Bunch (red) models to the measured SAXS data (dots with corresponding colors). The Gasbor and Bunch curves were scaled up and down by multiplying and dividing by 6, respectively. D) Solution models for the dimeric full-length TgCOR created using the programs Gasbor (gray) and Dammif (green). The crystal structure of the TgCOR WD40 domain (blue) and the conserved region (red) is superimposed on the Gasbor model. E) Full-length dimeric TgCOR based on the atomic structure of the WD40 and conserved domains, a homology model for the coiled-coil domain, and SAXS calculations with Bunch. The WD40 domain and the coiled-coil domains appear in different shades of blue and the conserved region in red. One monomer is depicted in dark colors and the second in lighter shades. In the right-hand monomer, the top face of the WD40 domain is at the front; in the left monomer, it is pointing downward. The 3-helix bundle and the dimerization helix are also indicated. F) Electrostatic surface of the TgCOR Bunch model, calculated by PyMol. Orientation of the top figure is the same as in E. Bottom figure is rotated by ϳ90°along the x axis compared to E and the top figure. shorter filaments are expected, more TgCOR was also present with actin in the pellet (Fig. 3F) . This result suggests that TgCOR is able to bundle or cross-link filaments, although with a rather low affinity.
TgCOR relocalizes to the posterior of the parasite on invasion and egress
To functionally characterize TgCOR, we generated a cor-iko strain by replacing the endogenous promoter with an ATc-repressible promoter. The inducible copy was fused to a myc-epitope tag at the N terminus of TgCOR (mycCOR; Supplemental Fig. S2A ). Western blot analysis with anti-myc antibodies detected the protein at its predicted molecular mass (Fig. 4A) . To compare the amount of mycCOR in the presence or absence of ATc, a Western blot analysis was performed with equal volumes of the total protein extracts, and T. gondii PRF was used as a loading control. At 72 h after treatment with ATc, myc-COR was no longer detectable (Fig. 4A) . Detection of mycCOR was found uniformly distributed in the cytosol of intracellular-replicating parasites, and the signal also disappeared after ATc treatment (Fig. 4B) . In contrast, mycCOR relocalized and concentrated to one pole in invading parasites that were identified by the formation of the moving junction (ring) between the parasite and host cell plasma membranes by using anti-RON4 antibodies (Fig. 4C) . In parasites freshly egressed from infected cells, mycCOR also relocalized at a pole. Colocalization with anti-MIC4, a component of the apical microneme organelles, established that mycCOR accumulated at the posterior pole of the parasites.
Relocalization of TgCOR is concomitant to microneme secretion and independent of actin polymerization
Micronemes are specialized apical organelles that contain a subset of proteins that are essential for parasite gliding to, invasion of, and egress from the infected host cell. They are on the parasite's surface after stimulation by a low-potassium environment, such as the one encountered when breaking the host cell. The resulting rise in parasite intracellular calcium levels leads to the fusion of the micronemes with the plasma membrane and the release of their contents to the parasite's surface (60) . Microneme exocytosis can be triggered by exposing the parasites to the calcium ionophore drug A23187 or ethanol, both of which artificially raise the cytosolic calcium levels. The posterior relocalization of mycCOR was observed only transiently in freshly released extracellular parasites, which prompted us to associate this event with microneme secretion. To test this hypothesis, we compared the localization of mycCOR in extracellular parasites maintained in unstimulated conditions or triggered to discharge their micronemes by treatment with either A23187 or ethanol (60, 61) . Posterior relocalization of mycCOR was observed only in the extracellular parasites on microneme secretion and not in the DMSO-treated controls (Fig. 5A) . Under this induced condition, the relocalization occurred very fast, with most of the protein concentrating on the posterior pole as early as 1 min after stimulation and returning to the cytosol immediately after the stimulation was removed (Fig. 5B ). This redistribution of mycCOR back to the cytosol was delayed by treatment with the calcium ionophore, which is a potent and irreversible inducer of microneme secretion (Fig. 5B) .
Given that TgCOR binds to actin filaments, we then assessed whether the relocalization linked to invasion and egress is dependent on actin dynamics. Using ethanol to promote microneme secretion, we treated parasites with increasing doses of the actin polymerization inhibitor CytoD or with JAS, which stabilizes actin filaments. In both cases, posterior relocalization still occurred, suggesting that this phenomenon is not dependent on the actin cytoskeleton or actin dynamics (Fig. 5C ). The relocalization was less evident when using 50 M CytoD, which is a concentration that may still perturb the global morphology and viability of the parasites beyond merely blocking actin polymerization.
To further rule out a role for actin in this relocalization, we monitored various parasite strains deficient in genes implicated in regulation of actin dynamics. We examined T. gondii ADF, which has been shown to have a strong monomer-sequestering activity, inhibiting TgACT polymerization at very low concentrations (62) . The adf-iko conditional-knockout strain has been generated, establishing that ADF is critical for gliding motility and host cell invasion (15) . We also investigated TgPRF using prf-iko (57) . Like adf-iko, prf-iko is severely impaired in gliding to, invasion of, and egress from infected cells, whereas both mutants are unaffected in microneme secretion. To detect TgCOR in these mutants, we raised rabbit polyclonal antibodies against recombinantly expressed TgCOR. The antisera recognized a protein of the expected size in Western blot and showed a more intense signal in the cor-iko, indicating that the ATc-repressive promoter is stronger than the endogenous TgCOR promoter (Supplemental Fig . S4A ). In IFAs, the antisera revealed a signal that colocalized with mycCOR and stained the cytosol in wild-type intracellular or unstimulated extracellular parasites. Also, as expected, the antisera stained the posterior pole of stimulated extracellular parasites (Supplemental Fig. S4B ). Notably, in the adf-iko and prf-iko parasites, mycCOR relocalized to the posterior pole upon calcium ionophore stimulation (Fig. 5D) . Finally, we assessed whether relocalization to the posterior pole is responsible for a change in solubility of the TgCOR protein (Supplemental Fig. S4C ). Tg-COR is present mainly in the soluble fraction of both nonstimulated and stimulated parasites, although a minor fraction remains insoluble in PBS only or in the presence of 1 M NaCl and can be solubilized with 0.1 M Na 2 CO 3 , indicating that TgCOR may weakly interact with membranes via ionic means. However, the solubility is not affected by the stimulation of the parasites and the subsequent relocalization of TgCOR, and the nature of the posterior interactions cannot be concluded from these data. Taken together, these results demonstrate that mycCOR relocalizes to the posterior pole concomitantly with microneme secretion, that this relocalization is not dependent on the actin cytoskeleton, and that this transient association with the posterior pole is likely to be loose. 
TgCOR contributes to invasion and egress but is dispensable for survival of tachyzoites
The phenotypic consequences of mycCOR depletion in the cor-iko parasites were investigated by performing intracellular growth, invasion, and induced-egress assays, in comparison with the ku80-ko parental strain used to generate cor-iko. Depletion of TgCOR did not affect parasite replication (Fig. 6A) . However, a partial defect of 20% in invasive capability was observed (Fig. 6B) . Interestingly, the cor-iko parasites with the invasion defect were stuck outside the host cell and not on their way in (data not shown), suggesting that TgCOR does not play a role in the sealing of the parasitophorous vacuole membrane at the end of the entry process. Upon addition of A23187, the cor-iko parasites exhibited a limited defect, causing a 12% decrease in egress (Fig. 6C) . Altogether, these data imply a modest role for TgCOR compared with other invasion factors such as PRF and ADF, investigated in other studies with the Tet-system (15, 57) .
The results indicate that the TgCOR gene is dispensable. This notion is definitively confirmed by disruption of the gene by truncation (Supplemental Fig. S2B) . A selectable vector was inserted by single homologous recombination within the open reading frame between the first and second WD40 repeats of TgCOR, resulting in a nonfunctional protein consisting of only 15% of the entire protein ( Supplemental Fig. S2B ). The resulting TgCOR knockout (cor-ko) was confirmed by genomic PCR analysis, using the TgFRM3 open reading frame as a positive control (Supplemental Fig. S2D ) and by RT-PCR (Supplemental Fig. S2E ). The truncated TgCOR was fused with a Ty-tag epitope, but was undetectable by IFAs or Western blot analysis with anti-Ty antibodies, suggesting that the truncated pro- Figure 5 . TgCOR relocalizes to the posterior pole after microneme secretion in a fast and reversible manner, and this relocalization is not actin dependent. A) TgCOR relocalization was assessed by immunofluorescence of extracellular parasites after stimulation by calcium ionophore or ethanol, both drugs that induce microneme secretion. B) Time course relocalization of mycCOR. Stimulation was added for 10 min, then removed, and parasites were fixed at different time points. C) Involvement of actin filaments in TgCOR relocalization was tested by using CytoD or JAS. D) TgCOR relocalization was assessed in adf-iko and prf-iko, strains that show an impaired motility but no defect in microneme secretion. Parasites were treated with ATc for 48 and 72 h, respectively, before stimulation with a calcium ionophore and fixation. An IFA was performed with anti-TgCOR polyclonal and anti-actin monoclonal antibodies. Scale bars ϭ 2 m. tein is either unstable or not translated at all (data not shown). Examination of the phenotypic consequences of deletion of TgCOR revealed defects comparable to the depleted cor-iko strain with a modest defect in invasion (28%) and egress (21%) and no effect on parasite replication (Fig. 6D-F) . Interestingly, the cor-ko parasites showed no defect in motility, as seen from the trails in a gliding assay (Fig. 6G) . Similarly, we observed that parasites depleted in TgCOR, either by downregulation or by truncation of the protein, were still able to perform the 3 distinct types of gliding motility: circular gliding, helical gliding, and twirling (data not shown). Thus, despite a defect in invasion and egress, the lack of TgCOR does not seem to cause a detectable defect in gliding motility.
DISCUSSION
Coronins affect actin filament dynamics in a complicated manner, acting in concert with other regulatory proteins, with their effects being critically dependent on, for example, the nucleotide state of actin (34) . Both yeast and mammalian coronins, together with ADF/cofilin, have opposite effects on the stability and dynamics of actin filaments. On the one hand, the two proteins work together to increase filament turnover rates and, on the other hand, coronin also protects filaments from severing by ADF/cofilin. Yeast coronin 1 has been shown to prefer ATP-rich, freshly formed filaments compared to ADP-containing aged filaments (26, 34) . Coronin 1 alone inhibits polymerization of ATP-actin but increases the rate of ADP-actin polymerization (34) . We show here that TgCOR increases the initial rate and extent of ATP-actin polymerization in vitro. This finding can be explained by 3 possible scenarios: bundling or cross-linking filaments, which causes a higher fluorescent signal in the pyrene-actin assay; stabilization of newly formed filament nuclei; or an effect of severing, which provides new, free, barbed ends for rapid polymerization. Also a combination of several activities is possible, as has been seen, for example, with capping proteins which prevent addition and loss of monomers at the fast-growing end but also function as nucleators (63) .
The coronin-binding sites on F-actin have been proposed based on electron microscopy (EM) reconstruction of coronin-decorated filaments (46) . The DNasebinding loop in subdomain 2 of actin seems to contribute significantly to the binding interface. Interestingly, this region is among the most variable ones between canonical and Toxoplasma actins. Differences in the actin sequences concern mainly neutral or positively charged residues in the D loop of muscle actin, which are replaced by negatively charged residues in T. gondii actin. Similar charge replacements can also be seen in subdomain 4 and the C-terminal part, which have also been implicated in coronin binding. The more positive surface patches of TgCOR at sites 1-13 and 1-17 come close to the D loop in our model.
The putative coronin-binding site in subdomain 4 of actin would interact with the sites 1-2 and 1-19, both of which have a more positive surface charge in TgCOR than in mouse coronin 1. Also, the shape of the surface at site 1-19 is significantly different in the two crystal structures (Supplemental Fig. S3 ). Together, these differences in the parasite and vertebrate proteins may partially explain the low affinity of TgCOR toward ␣-actin filaments. Still, when the TgCOR WD40 structure is manually docked on an actin filament, the supposed binding sites on both proteins match surprisingly well (Fig. 7A) .
The dimeric structure of TgCOR in solution was rather unexpected, since the predicted coiled-coil regions of TgCOR, such as members of the mammalian type 1 family, contain several sequence motifs that are implicated in the trimerization of short coiled-coil helices. In fact, there are at least 3 R-h-x-x-h-E or E-h-x-x-h-R/K (h denotes a hydrophobic and x any residue) sequence motifs: one in each of the short predicted coiled-coil helices and one in the N-terminal half of the last and longest helix. Therefore, it seems plausible that TgCOR, and possibly other coronins, form intramolecular, 3-helix, coiled-coil structures, instead of using this motif for trimerization. In the full-length dimer, the actin-binding sites in the WD40 domains are located far from each other, and this arrangement seems ideal for bringing together two actin filaments in a rather loose assembly and, thus, participating in the building of F-actin networks and meshes (Fig. 7B, C) . Based on the SAXS model, it is not possible to reliably conclude whether the TgCOR dimer binds to two adjacent parallel or antiparallel filaments, although a parallel assembly seems more likely, also taking into account that actin filaments close to membranes tend to align such that the growing ends point toward the membrane. The thin, long dimerization domain is expected to display a significant degree of conformational flexibility, allowing for different binding arrangements (Fig. 7C) . SAXS calculations using the program EOM (64) also suggest multiple conformations in solution (data not shown). In most EOM models, the WD40 domains are separated by the same distance as those in the models from Dammif and Gasbor.
Despite a structure that seems ideal for bridging two actin filaments, we observed only a weak bundling and cross-linking activity for TgCOR, even at rather high concentrations (Fig. 3E, F) , showing that TgCOR is capable of bringing together actin filaments. However, the affinity of TgCOR for mammalian ␣-actin appears to be rather low, which is expected, taking into account the large evolutionary distance and the differences in sequence and structure between Toxoplasma and higher eukaryotic actins and actin-binding proteins. TgCOR displays only ϳ27-32% sequence identity with the different mammalian coronin isoforms, and even if most of the putative actin-binding residues within the WD40 domain are present in TgCOR, its surface properties compared to those of murine coronin 1A are rather distinct, and a cumulative effect of several small changes may cause large differences in binding affinities. Apicomplexan actins have distinct properties compared with those of canonical actins, as well, and it may also be that F-actin networks are not present to the same extent and are not as important in the Apicomplexa as in higher eukaryotes or that very different affinities are necessary or are tolerated because of local concentrations of these proteins in a defined space.
In high-salt conditions, where spontaneous actin polymerization occurs, TgCOR failed to associate with single actin filaments in detectable amounts, which may indicate either that the affinity is very low altogether or that it binds only to the ATP-rich growing ends, with the amount of bound TgCOR in the few ends remaining below the detection limit. However, in low-salt conditions, TgCOR caused a clear shift of actin to the pellet fraction and also cosedimented with actin. This finding implies that TgCOR, indeed, binds to newly formed, short actin oligomers, stabilizing them and promoting polymerization in conditions of low ionic strength, as well, and may be analogous to the preference of yeast coronin 1 for ATP-actin filaments. A preference for fresh ATP filaments may also be responsible for the lower binding to the JAS-stabilized than to the nonstabilized filaments in the low-speed centrifugation assay (Fig. 3D, F) . The dimeric structure of TgCOR also enables binding to two different locations along one actin filament, possibly leading to stabilization due to the bridging of adjacent protomers in the filament, as suggested for coronin 1A (46) . The distance between the two WD40 domains in TgCOR implies a separation of 5-10 protomers on the filament (Fig. 7C) . Apicomplexan parasites lack, for example, the Arp2/3 nucleator complex and seem to rely only on formins for nucleation. On the other hand, both Toxoplasma and Short, freshly formed filaments can be stabilized, such that both WD40 domains bind to protomers ϳ23 nm apart on the same actin filament. When bound to two different filaments, the dimer may bring together actin filaments in either a parallel or antiparallel arrangement. A putative secondary actin-binding site in the coiled-coil domain (black asterisks) would provide additional stability in all these arrangements and possibly result in tighter bundling. The coiled-coil region also can function in recruiting other actin regulators to the filament surface (black asterisks). In addition, this region can have other binding partners and connect the F-actin network to other cellular structures (red asterisks).
Plasmodium actins appear to polymerize via different mechanism than do canonical actins. Toxoplasma actin has been suggested to polymerize in an isodesmic manner, where nucleation is not rate limiting (65) . Also Plasmodium actin I readily forms short oligomers (8) , although these parasite actins do not form long, stable filaments in the absence of stabilizing agents, which suggests that the stabilizing effect of TgCOR is of importance in the elongation of spontaneously formed short filament nuclei in these parasites.
In other coronins, the coiled-coil domain contains additional binding sites for both actin and other regulatory proteins, such as the Arp2/3 complex (32) . No other binding partners, in addition to actin, have been identified for TgCOR so far. However, the structure of the full-length protein seems ideal for functioning as a general hub for mediating multiple protein-protein interactions, either by recruiting other polymerization factors to the filament surface or by linking the actin filaments to other proteins or protein networks (Fig.  7C) . Notably, the coiled-coil domain bears sequence similarity to other actin-binding proteins, such as helical tropomyosin and myosin fragments, which were used for constructing the homology model of TgCOR. The helical bundle in the homology model has an array of negative surface potential that twists around the coiled-coil domain and could form a binding surface for the helical actin filament or other binding partners, possibly also membranes (Fig. 2F) . In vivo, coronins localize mainly at sites where active actin remodeling takes place (66) . Among other coronin-binding partners are microtubules (33) . Leishmania coronin 12 accumulates at both the flagellar end and at the posterior pole by interacting with microtubules through a kinesin motor (66) . T. gondii tachyzoites lack flagellar structures, but possess 22 subpellicular microtubules covering two-thirds of the parasite length. These microtubules emerge from the apical polar ring and play an important role in maintaining the shape and polarity of the parasite (67) . The accumulation of TgCOR at the posterior end of invading, gliding, or egressing parasites is inconsistent with an interaction with microtubules that are absent at this location.
The apicomplexan actin network also seems to be concentrated mainly at the parasite's apex, in the supra-alveolar space and in association with pellicle membranes that comprise the plasma membrane and the inner membrane complex, but it is undetectable at the parasite's posterior end (68) . Despite the absence of data showing the presence of actin filaments at the posterior pole of the parasite, myosin C has been reported to localize in this confined part of the inner membrane complex (69) . Moreover, both formin 1 and 2 are present at the parasite's posterior end, indicating that assembly of actin filaments may also take place at this location (11, 12, 69) . Notably, chemicals affecting actin polymerization and mutant parasites with abnormal actin dynamics clearly established that the relocalization of TgCOR is not dependent on an intact or dynamic actin cytoskeleton. However, it cannot be ruled out that coronin recruits actin to the posterior end via binding to other proteins itself.
Exocytosis of MICs at the apical end of the parasites by special secretory organelles called micronemes and their redistribution toward the posterior pole are crucial steps in parasite gliding to, invasion of, and egress from infected cells (70) . During these processes, MICs are discharged to the plasma membrane in a regulated manner. Intriguingly, this important regulated exocytosis is not associated with any known mechanism of membrane recycling by endocytosis in these parasites. Indeed, some of the proteins usually involved in this process, such as clathrin and dynamin, are conserved in T. gondii, but have not been reported to be associated with endocytosis (71, 72) . It is noteworthy that mouse coronin 3 binds to GDP-Rab27a to regulate the postexocytosis stages in pancreatic ␤ cells, such as endocytosis and membrane recycling (28) . However, no apparent GDP-Rab27a homologue has been identified in T. gondii. The only known endocytosis so far in T. gondii takes place at the micropores, which are located close to the apical end of the parasite (73) . A recent report underlines the importance of freeing cellular actin from the rigid F-actin networks in the cortex so that actin can help in endocytosis (74) . Possibly, the posterior localization of coronin contributes to the release of actin for endocytosis, more toward the apex. The relocalization of TgCOR occurs transiently during invasion and egress and, more importantly, also in parasites triggered for microneme secretion, even if they are not motile due to ADF or PRF depletion (Fig. 8) . This observation suggests a role for TgCOR in endocytosis and membrane recycling. Indeed, regulated exocytosis is usually coupled to endocytosis events, to eliminate excessive accumulation of membranes. Previous observations with a GAP45 mutant have shown the integrity of the pellicle to be absolutely critical for ensuring the proper function of the glideosome in gliding, invasion, and egress (75) . It is possible that TgCOR is recruited at the posterior in response to microneme secretion, to ensure membrane recycling and thus maintain the integrity of the pellicle.
Coronins are multifunctional proteins that have wellcharacterized functions in regulating the actin cytoskeleton and cellular functions related to it. However, very recently, the importance of coronins in signaling pathways has been revealed. The mammalian neural coronin 1 and the more primitive Dictyostelium coronin A play important, notably F-actin-independent roles in cAMP signaling (76, 77) . Mouse coronin 6, which is the closest mammalian homologue to TgCOR, participates in the clustering of acetylcholine receptors at the postsynaptic membrane (78) . Thus, roles other than regulating F-actin dynamics seem to be common to both primitive and higher eukaryotic coronins. Higher eukaryotes typically have multiple coronin isoforms that have distinct cellular functions, whereas apicomplexan parasites have only a single coronin. Therefore, it will be interesting to investigate whether the parasite coronins participate in cell signaling events, either in connection with or independent of the actin cytoskeleton.
In summary, we have provided a molecular basis for the multiple functions of TgCOR, an actin-binding protein that, in vitro, facilitates actin polymerization via stabilization of newly formed short filaments. In addition, TgCOR can cross-link or bundle actin filaments. In the parasites, TgCOR is a dispensable cytosolic protein that transiently relocalizes to the posterior pole during invasion. The absence of an effect on parasite replication strongly argues against a similar role in cytokinesis, as reported for coronin 12 in Leishmania (66) . In contrast, the modest effect on invasion and egress suggest a defect in glideosome function, which could be due to perturbation of pellicle integrity caused by a defect in posterior recycling of the plasma membrane. The structure of TgCOR seems ideally suited for functioning as a molecular hub; identification of additional binding partners is called for, to shed more light on the TgCOR mode of action. In intracellular-replicating parasites, TgCOR localizes to the cytosol of the parasites. On changes in the environment and an increase in the cytosolic calcium concentration, the egress of the parasite from the host cell starts. Micronemes are secreted, and TgCOR relocalizes immediately to the posterior pole, where it stays throughout the motile stages of gliding, attachment, and invasion, as long as microneme secretion occurs. As soon as the parasite enters entirely a new cell, TgCOR becomes cytosolic again. If an extracellular parasite stays without a new cell to invade (quiescent parasite), TgCOR relocalizes in a few minutes to the cytosol. It can be rapidly mobilized again to the posterior pole on induction of microneme secretion (contact with a host cell, artificial stimulation with a calcium ionophore or ethanol). This situation rarely occurs in the natural course of T. gondii infection. TgCOR localization is depicted in green, micronemes and their contents in red, the pellicle in dark blue, and the moving junction in light blue.
